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Abstract 
Simultaneously high open circuit voltage and high short circuit current density is a 
big challenge for achieving high efficient perovskite solar cells due to the complex 
excitonic nature of hybrid organic – inorganic semiconductors. Herein, we developed 
a facile and effective method to process efficient plasmonic PSC devices. The solar 
cells were prepared by incorporating Au nanoparticles (NPs) into mesoporous TiO2 
films and depositing MgO passivation film on the Au NP modified mesoporous titania 
by wet spinning and pyrolysis of the magnesium salt. The obtained PSCs by 
combinational use of Au NPs and MgO demonstrated a high power conversion  
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efficiency of 16.1 % with both high open circuit voltage of 1.09 V and high 
short-circuit current density of 21.76 mA cm
-2
. The device achieved 34.2 % 
improvement of the power conversion efficiency compared with the device based on 
pure TiO2. Moreover, a significant improvement of the UV stability in the perovsikite 
solar cell is achieved by combinational use of Au NPs and insulating MgO. The 
fundamental optics and physics behind regulation of energy flow in perovskite solar 
cell and concept of using Au nanoparticles and MgO to improve the device 
performance has been explored. The results indicate that the combinational use of Au 
nanparticles and MgO passivation film is an effective way in designing high 
performance and stability organic – inorganic perovskite photovoltaic materials. 
 
Keywords: Perovskite solar cells, Au nanoparticles, MgO passivation layer, plasmon 
enhancement, near-field  
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1. INTRODUCTION 
Photovoltaics has the potential to be the prime candidates for future energy 
sources and make a large contribution to solving the problem of climate change. 
Specially, inorganic–organic hybrid perovskite solar cells (PSCs) have provided a 
lasting impression on the scientific community because of their rapid progress as high 
efficient and low cost technology. Starting from the first well-known PSCs exploited 
the device structure of dye-sensitized solar cells (DSSCs) by replacing dye molecules 
with perovskite crystals in 2009, in only seven years power conversion efficiencies 
(PCEs) above 22% have already been reported and certified.
1-4
 The latest certified 
PCE value of 22.1 % is approaching to that of commercial monocrystalline silicon 
solar cells.
4
 Even though such rapid and unprecedented progress for any photovoltaic 
(PV) material, for instance, silicon, GaAs, CIGS and CdTe, further improvements for 
PSCs are expected and required in order to completely surpass the other PV 
technologies and fully realize their potential as solar cells.  
 
In the past seven years, various perovskite absorber materials have been 
developed, forming a large family of crystalline materials.  The most commonly 
used for PV devices have an ABX3 chemical composition containing an organic 
cation A, such as methylammonium (MA)
2
 or formamidinium (FA) 
5
, a divalent metal 
B, such as Pb
2
  or Sn,
6
 and a halide X, such as Br or I. These perovskites are 
processed by a large number of techniques ranging from spin coating,
2
 dip coating,
7
 
two-step interdiffusion,
8
 chemical vapour deposition,
9
 thermal evaporation,
10
 solvent 
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engineering,
11, 12
 to intramolecular exchange processing.
13
 Much of the work in the 
field of Inorganic–organic hybrid photovoltaics to date has been focused on 
developing new materials, technological process innovations and device structures to 
maximize the light absorption, charge separation and collection and voltage output. 
While we have some basic understanding of the PSC devices as an optical system, 
there have been limited attempts to exploit the optical designs to manage the light 
in-coupling and propagation as means to enhance the overall device performance. 
 
One possible method for optical management and achieving fundamental 
efficiency enhancements in PSC devices is to utilize localized surface plasmon 
resonance (LSPR) in metallic nanostructures. Surface plasmons (SPs) are electron 
oscillations excited by either photons or electrons at the metal–dielectric interfaces, 
associated with well-confined surface electromagnetic waves.
14, 15
 With proper 
engineering of the metal structures, such confinement can lead to an enhanced 
electromagnetic field at the metal–dielectric interfaces, which could be utilized for 
improvement of PV device efficiencies, helping to approach or even surpass the 
Shockley−Queisser limit without any exotic operating principles.
15, 16
 The use of 
metal NPs and arrangements of them have been explored for almost all types of solar 
cells, for example, dye-sensitized,
17, 18
 organic,
19
 silicon, 
20, 21
 and PSC solar cells.
22, 23
 
As reported by Lee et al., Au NPs were doped in the PEDOT:PSS layer of the 
P3HT:PCBM device to induce the plasmonic enhancement for the active layer.19 The 
PCE for the device with a low concentration of Au NPs was improved from 3.04 % to 
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3.65%. Slight plasmonic enhancements in the device PV performance were reported 
in most of the previous studies. In recent studies, nevertheless, Snaith and co-workers 
demonstrated that the employment of metal oxide (SiO2, TiO2) coated metal (Au, Ag) 
NPs into mesoporous Al2O3 scaffolds induced significant photocurrent enhancements 
in methylammonium lead iodide based devices.
22, 23
 However, these enhancements 
could not be attributed to increased solar light absorption in the spectral regime of the 
metal nanoparticle LSPRs. The origin of the enhancement observed in plasmonic 
PSCs remains unknown. The presence of metal NPs may favor radiative decay of 
excitons, photon recycling, nonradiative photocarrier generation, light trapping, and 
help to reduction of the perovskite film thickness and hence decrease of the amount of 
lead present in the device.
15, 22-26
 On the other hand, incorporated metal nanoparticles 
can act as sites for electron recombination. These factors can competitively have an 
impact on the performance and the development of the PSC device. Although there 
have been a few experimental evidences for plasmonic PSCs, many fundamental 
physical mechanisms are not systematically understood.  
 
In this work, we report a facile and effective method to process efficient 
plasmonic PSC devices. Our investigation is very different from the previous reports. 
Au nanoparticles were incorporated into mesoporous TiO2 films, chiefly on their top 
surfaces. Then, MgO passivation films were prepared on the Au NP modified 
mesoporous titania by wet spinning and pyrolysis of the magnesium salt. Our results 
showed that combination use of Au NPs and MgO significantly enhanced both the 
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current density and the photovoltage of the perovskite solar cells. The energy 
conversion efficiency of the Au NPs and MgO modified perovskite solar cell 
increased from 12.0 % to 16.1%. The fundamental optics and physics behind the 
plasmonic perovskite solar cell based on Au nanoparticles and insulating MgO was 
studied. 
 
 
2. EXPERIMENTAL  
All materials were purchased from either Alfa Aesar or Sigma-Aldrich, unless 
otherwise stated. CH3NH3I (MAI) was synthesized according to a previous study [12].  
 
Au nanoparticles were prepared according to the method published previously 
with slight modification.
18 
A 381 µl portion of hydrogen tetrachloroaurate (III) 
(HAuCl4•3H2O) aqueous solution (0.1 M) was added into 150 ml DI water and 
brought to a rolling boil with stirring, and then 2 ml of 2% (wt.%) trisodium citrate 
dehydrate solution was added. After continuous boiling for about 5 min, the reduction 
of gold chloride was almost completed. The solution was removed from the heat 
source and allowed to cool naturally and sit overnight. The obtained solution was used 
as a seed solution for the Au NPs’ preparation. 40 µl HAuCl4•3H2O solution, 24.9 µl 
hydroquinone and the seed solution were mixed in 50 ml DI water at room 
temperature under vigorously stirring over 30 min to obtain colloidal gold solutions 
with particle size around 40 nm. 
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Fluorine–doped tin oxide (FTO) coated slides (Pilkington TEC 15) were patterned 
by etching with Zn powders and 2 M HCl. The etched slides were then cleaned with 
liquid detergent, acetone, ethyl alcohol and de-ionized water for 15 min, respectively, 
to remove the organic or inorganic residues, and finally dried in a vacuum oven. 
Isopropyl titanate (200 µl) and 5 ml of ethanol were mixed to prepare a clear 
precursor sol. The precursor sol was spin-coated onto the Zn/HCl-etched FTO 
substrate at 4500 rpm, followed by annealing at 500 °C to form a compact TiO2 layer. 
About 0.4 µm-thick mesoporous TiO2 (p-TiO2) layer was deposited on the c-TiO2 by 
spin-coating TiO2 paste (Dyesol 18NR-T) diluted in anhydrous ethanol (1:3.5, weight 
ratio) at 2000 r.p.m for 50 s. The layers were then sintered at 500 ºC for 30 minutes in 
air. After cooling down to the room temperature (RT), the samples were treated using 
the TiCl4 aqueous solution at 70°C for 30 min and dried at 500 °C for 30 min. After 
the mesoporous film sample was cooled down to RT, 80 µl of Au NPs solution (0.19 
mg/ml) was first spin-coated onto the mesoporous film surface, and the samples were 
heated at 100 ºC for 30 minutes on a hotplate in air. Then, the MgO precursor solution 
of Mg(CH3COO)2 in deionized water was spin-coated on the Au NPs treated p-TiO2 
layer at 3000 r.p.m for 30s, and then heated at 400 °C for 1 h to form MgO overlayer. 
The used concentrations of the magnesium salt were 90 mM. The perovskite layer 
was grown by a spin-coating process using a γ-butyrolactone (GBL) and 
dimethylsulphoxide (DMSO) solution of PbI2 and CH3NH3I.
11, 12
 The perovskite 
precursor solution was prepared by mixing CH3NH3I (0.1975 g) powders and lead 
iodide PbI2 (0.5785 g) in GBL (700 µl) and DMSO (300 µl) at 60 °C for 12 h. The 
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formed precursor solution was deposited onto MgO/ Au NPs /p-TiO2/c-TiO2/FTO 
sample by a successive two-step spin-coating process, at 2000 r.p.m. for 30 s and at 
3500 r.p.m. for 50 s, respectively. Anhydrous chlorobenzene was dripped onto the 
center of the sample in the second spin-stage during the spin-coating process. The 
perovskite-precursor coated sample was heated and dried on a hot plate at 120 °C for 
30 min. Notably, at the present concentrations of perovskite solution, a capping layer 
of solid-perovskite film was formed on top of the mesoporous titanium dioxide.
12
 The 
hole-transport layer (HTL) was deposited by spin-coating a spiro-OMeTAD solution 
at 4,000 r.p.m. for 30 s. The spin-coating solution was prepared by dissolving 0.0723 
g spiro-MeOTAD, 28.8 µl 4-tert-butylpyridine, 17.5 µl of a stock solution of 0.520 g 
ml
-1
 lithium bis(trifluoromethylsulphonyl)imide in acetonitrile and 29 µl of a stock 
solution of 0.300 g ml
-1 
tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)cobalt(III) 
bis(trifluoromethylsulphonyl)imide in acetonitrile in 1 ml chlorobenzene. Finally, 100 
nm thick Ag film with an active area of 0.1cm
2
 was evaporated on the 
Spiro-OMeTAD-coated film.
27
 In order to investigate the possible degradation and 
enhancement mechanisms in PSC devices by incorporating Au NPs in the active 
layers, we designed and fabricated four types of PSC devices without Au nanoparticle 
or MgO modification, only with Au NP modification, only with MgO coating and 
with both Au NP and MgO coating. The four kinds of devices were named as S1, S2, 
S3 and S4, respectively. 
 
The morphology of Au NP and MgO modified p-TiO2 films was characterized by 
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a high-resolution field emission scanning electron microscope (FESEM, Hitachi 
S4800). Optical spectra of the perovskite films on the differently structured 
mesoporous TiO2 were examined and characterized by means of ultraviolet–visible 
light (UV–vis) spectrometer (Hitachi, U-3010). Photoluminescence (PL) spectra were 
recorded at RT temperature using a HORIBA Jobin Yvon fluoromax-4 fluorescence 
spectrophotometer with an excitation wavelength of 507 nm. Electrochemical 
impedance spectroscopy (EIS) measurements of PSCs were recorded with a 
galvanostat (PG30.FRA2, Autolab, EcoChemie B. V Utrecht, Netherlands). 
Photocurrent density–voltage (J - V) measurements were performed using an AM 1.5 
solar simulator equipped with a 1000 W Xenon lamp (Model No. 91192, Oriel, USA). 
The solar simulator was calibrated by using a standard Silicon cell (Newport, USA). 
The light intensity was 100 mW cm
-2
 on the surface of the test cell. J-V curves were 
measured using a computer-controlled digital source meter (Keithley 2440) with the 
reverse direction. During device photovoltaic performance characterization, a metal 
aperture mask with an opening of about 0.09 cm
2
 was used. External quantum 
efficiency (EQE) measurements ( 74125, Oriel，USA) were also carried out for these 
cells. 
 
3. RESULTS AND DISCUSSION 
Fig. 1 (a) shows current density versus voltage (J-V) characteristics of the 
fabricated four types of PSC devices (S1-S4). The corresponding PV parameters 
including short circuit current density (JSC), open circuit voltage (VOC), PCE and fill 
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factor (FF) are summarized in Table 1. Fig. 1 (b) shows the FESEM image of the top 
surface morphology the formed p-TiO2 layer containing Au NPs. Fig. 1 (c) shows the 
FESEM image of the cross-sectional FESEM picture of glass/FTO/c-TiO2/Au Np 
modified p-TiO2. From both SEM images, the size of Au NPs (white spheres) is about 
40 nm in diameter, most of Au nanoparticles are distributed on the top surface of the 
p-TiO2, and the thickness of the porous TiO2 layer is about 400 nm. The absorbance 
of the prepared Au NPs in ethanol was shown in Fig. 1 (d). From the figure, the SPR 
absorbance peak was at 526 nm. Fig. 1 (e) displays an energy diagram of materials for 
PSC devices with Au NP and MgO modification. 
  
From Table 1, the reference device (S1) without Au NP or MgO coatings exhibits 
a VOC of 0.94 V, JSC of 19.49 mA cm
-2
 and FF of 0.66, resulting in a total PCE of 
12.0%. After incorporating bare Au NPs between mesoporous TiO2 and 
semiconductor perovskite, the device (S2) became poorer and exhibited a PCE of 
10.7 %. The pure addition of Au NPs significantly decreased both the short-circuit 
current density and the fill factor. The device (S3) with pure MgO modification 
displayed a PCE of 15.1 %. Compared with the TiO2-only device (S1), the VOC value 
of S3 considerably increased from 0.94 to 1.08 V. The best cell was obtained with 
both Au NP and MgO coatings. It showed a short-circuit current density of 21.76 
mA/cm
2
, open-circuit voltage of 1.09 V and fill factor of 0.68, yielding the highest 
efficiency (η) of 16.1 %. Compared with the TiO2-only device (S1), the power 
conversion efficiency (PCE) enhancement for the device incorporating Au NPs and 
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MgO mainly comes from the greatly improved short-circuit photocurrent Jsc (19.49 to 
21.76 mA/cm
2
) and the open-circuit voltage VOC (0.94 to 1.09 V), whilst the fill factor 
is only slightly changed. 
 
 
 
 
Fig. 1 (a) J-V curves of perovskite solar cells based on p-TiO2 without and with Au 
NP and MgO coating. (b) FESEM image of the top surface morphology of the p-TiO2 
layer containing Au NPs and (c) cross-sectional FESEM picture of the p-TiO2 
containing Au NPs. (d) Absorbance spectrum of Au suspension. (e) Energy diagram of 
materials for PSC devices with Au NP and MgO modification. 
 
 
(a) 
(b) (c) 
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400 500 600 700
A
b
s
o
rb
a
n
c
e
Wavelength(nm)
 Au NPs
Page 11 of 43 Nanoscale
N
an
os
ca
le
A
cc
ep
te
d
M
an
us
cr
ip
t
Pu
bl
ish
ed
 o
n 
27
 Ja
nu
ar
y 
20
17
. D
ow
nl
oa
de
d 
by
 U
ni
ve
rs
ity
 o
f N
ew
ca
stl
e 
on
 2
7/
01
/2
01
7 
16
:3
1:
03
. 
View Article Online
DOI: 10.1039/C6NR09972F
12 
 
Table 1 Parameters of PSCs based on mesoporous TiO2 with and without Au NPs 
and MgO modification 
 
From Table 1, purely incorporating Au NPs between mesoporous TiO2 and 
perovskite greatly degraded the PV performance of the PSC device, especially its JSC 
and FF values. The PV variance and degradation may be due to two reasons. First, the 
Au NPs can be etched by the halide during the processing CH3NH3PbI3 absorber and 
the gold diffusion and migration into the perovskite material possibly take place in the 
thermal annealing treatment of the perovskite precursor films, causing detrimental and 
irreversible changes to the absorber. 
27-29
 Au migration into the perovskite material 
was found for PSC devices with metal contacts under thermal stress even at 70 °C.
28
 
This metal migration was observed to cause irreversible changes to the devices and in 
turn severely affected the device performance metrics. Second, the bare Au 
nanoparticles can act as charge recombination or trapping sites for light generated 
charge carriers due to the lower conduction energy level of the Au NPs than that of 
the TiO2 as shown in Fig. 1 (e).
30, 31
 Comparing with the reference device (S1), device 
S3 with pure MgO modification exhibited enhanced JSC, FF and VOC values. At the 
interface between TiO2 NPs and perovskite materials, the injected photo-induced 
electrons may recombine with holes. This would deteriorate the JSC and the VOC in 
Device JSC(mAcm
-2
) VOC (V) FF η (%) 
S1 19.49 0.94 0.66 12.0 
S2 18.21 0.95 0.62 10.7 
S3 20.82 1.08 0.67 15.1 
S4 21.76 1.09 0.68 16.1 
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PSC devices. The coating of n-type p-TiO2 with ultrathin MgO dielectric shells is a 
general route to enhance the efficiency of solar cell devices. The introduced 
nanometer thick MgO interlayer acted as a “surface passivation layer” between the 
absorber and TiO2 to obstruct the recombination between photo-induced electrons and 
holes across the interface. The improved photocurrent, photovoltage and fill factor for 
photovoltaic devices employing an ultrathin MgO layer has been well known in 
DSSCs.
32, 33
 Recently, MgO was successfully used as a blocking layer between 
compact or mesoporous TiO2 and perovskite layers to improve the cell 
performance.
34-37
 The increase of the open-circuit voltage of device S3 compared to 
device S1 can be mainly attributed to the much higher conduction band of MgO than 
that of TiO2, which would cause the conduction band of TiO2 to shift towards MgO 
and result in a higher quasi-Fermi level under illumination and a higher Voc.
34,38
 
Additionally, the ultrathin layer of MgO could act as a tunneling barrier that retards 
the back recombination from TiO2 to the hole transport material (HTM) in PSCs, thus, 
high Jsc and FF were obtained.
34
 Retarding of electron-hole recombination is also 
proved by electrochemical impedance spectroscopy (EIS). By incorporating both Au 
NPs and MgO in the PSC device, the PV performance was further improved. As a 
result, device S4 containing both Au NPs and MgO is superior to the other three types 
of PSC cells. The insulating MgO layer protected the Au NPs coated on the p-TiO2 
from corrosion or migration during the processing CH3NH3PbI3 absorber. The MgO 
film also prevented the direct contact between Au and the perovskite semiconductor, 
or the hole conductor spiro-OMeTAD in device S4, inhibiting an unwanted charge 
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recombination pathway within the perovskite solar cell. MgO was found to change the 
surface state of TiO2 and worked as an insulating layer to reduce charge 
recombination as reported in Refs. 34-37. In our work, MgO coating have more 
functions. In addition to the roles reported in Refs. 34-37, MgO coating acts as an 
insulating shell to protect Au NPs, make Au NPs intact and keep their structural and 
thermal stability during the following processing perovskite absorbers. Furthermore, 
compared with device S3 with pure MgO modification, device S4 exhibited similar 
VOC and FF values, but significantly higher photocurrent. The increase of photocurrent 
in device S4 compared to device S3 suggested that localized surface plasmon 
resonance (LSPR) and electrical effects of Au NPs enhance the photovoltaic response 
of PSCs.
39, 40
  
 
To investigate the effects of Au NPs and MgO in PSC in detail, we measured 
optical absorption spectra as well as photoluminescence spectra of samples. As the 
PSC devices have different structures which would influence the interface between 
the perovskite absorber and the porous TiO2, it is expected to show different defect 
densities. The PL spectra were effective in exploring the recombination properties of 
light-excited electrons and holes in defected semiconductors. Fig. 2 shows the 
UV-Vis and the PL spectra of FTO/c-TiO2/p-TiO2/CH3NH3PbI3 samples without or 
with Au or MgO modification. At a glance, it is clear that there is no significant 
change in the absorption spectra of the four kinds of absorber samples. This may be 
due to the extraordinarily high absorption coefficient of hybrid perovskite 
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CH3NH3PbI3 and the small amount of Au metal NPs or MgO loaded on p-TiO2. From 
Fig. 2 (b), all absorber samples show emission peaks at about 762 nm (excitation 
wavelength 507 nm), corresponding to an absorption onset at ∼760 nm.
41
 The peak 
position of the emission was almost consistent within the four samples, however, the 
PL intensity changed a lot. Compared to the case of the reference absorber without 
any modification, the PL intensity of the absorber incorporated with bare Au NPs 
exhibited an obvious increasing tendency, whilst the PL intensity displayed a more 
and more intensely decreasing tendency from the sample with pure MgO to the one 
with both Au and MgO modification. Notably, the perovskite absorber sample with 
bare Au NPs exhibited the highest PL signal, and the corresponding PSC device was 
expected to show a higher recombination rate of carriers than the cells based on the 
other samples. In contrast, a significantly stronger degree of PL quenching for both 
perovskite samples with MgO coating using the magnesium salt was observed, 
confirming that electron extraction from perovskite to TiO2 NPs with MgO 
modification was more significant higher than to the pristine TiO2. The perovskite 
sample with both Au NP and MgO modification showed the lowest peak intensity and 
the most intense degree of PL quenching, a strong indication for the rapidest charge 
transfer, the most effective electron extraction and the least charge accumulation, and 
thus prospectively the highest short-circuit current and the best PV performance.
42, 43
  
Therefore, the inclusion of Au NPs and MgO are unambiguously helpful for 
improvements in the ability for charge separation and collection, rapid charge 
transport, and enhanced photocurrent in the PSC device. 
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Fig. 2 (a) UV/Vis absorption and (b) PL spectra of p-TiO2-based perovskite absorbers 
without and with Au NPs and MgO coating. 
 
The retarding charge recombination behavior of the formed PSC cells was studied 
by measuring their dark J-V curves. Fig. 3 shows the measured dark J-V curves of the 
four structured PSC devices. As expected for device S3 and S4, MgO overlayer 
suppressed current almost at all biases, especially the dark cathodic recombination 
current at negative bias, compared to the case of the reference device (S1) without any 
modification. Device S2 with bare Au NPs showed the highest dark current value 
almost at all at all bias voltages, particularly at negative bias, because of the most 
intense charge carrier recombination. Recombination is one of the main factors 
limiting the cell performance. Device S4 with both Au NP and MgO modification 
showed the lowest dark current value at negative bias, demonstrating that combination 
use of Au NPs and MgO to modify porous TiO2 in the CH3NH3PbI3 absorbers is 
(a) (b) 
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crucial in preventing leakage. The incorporating both and Au NPs and MgO 
effectively and significantly blocked charge carrier recombination and thus 
promisingly enhanced the PV performance of perovskite solar cells. The bias voltage 
at the minimal current density for the device is possibly attributed to the accumulation 
of space charges at interface due to mobile ions in MgO@p-TiO2 based perovskite 
solar cells.
27, 44
 
 
Fig. 3 Dark J-V curves of devices based on p-TiO2 without and with Au NP and MgO 
coating. 
 
Electrochemical impedance spectroscopy (EIS) was used to characterize internal 
resistance and charge transfer kinetics of p-TiO2 based perovskite solar cells without 
and with Au NP or MgO modification. EIS measurements were performed for the 
four kinds of devices at a bias voltage of 0.9 V and in the dark. The measured Nyquist 
plot is shown in Fig. 4 (a). The structure of the PSC device could be considered as a 
leaking capacitor.
45
 The semicircle visually represents the recombination resistance at 
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the interface of TiO2/perovskite layer and TiO2/hole transport layer. The bigger the 
diameter of the semicircle is, the less electron recombination at the interface. 
Moreover, the specific EIS results of PSCs can be estimated according to a simple 
equivalent circuit model shown in Fig. 4 (b), which has been widely applied for 
analyzing impedance spectroscopy of perovskite solar cells.
45
 It is characterized by a 
recombination resistance, Rrec, in parallel with a chemical capacitance, Crec, and a hole 
transport resistance, RHTL, in parallel with a chemical capacitance, CHTL. The results 
of the impedance data are shown in Table 2. From Fig. 4(a) and Table 2, the device 
(S2) with bare Au NPs has the smallest semicircle, the minimal Rrec (83.9 Ω⋅cm
2
), 
which indicates the lowest recombination resistance. The reference cell (S1) has the 
second lowest recombination resistance (116.0 Ω⋅cm
2
). With pure MgO coated on the 
TiO2 NP layer (S3), the diameter of the semicircle dramatically increases, which 
indicates overwhelmingly higher recombination resistance (375.0 Ω⋅cm
2
) in the 
device with pure MgO modification than devices S1 and S2. The Rrec value (292.0 
Ω⋅cm
2
) of the PSC device containing both Au NPs and MgO is also much larger than 
the case of device S1 and S2, but a little smaller than that of device S3 with bare MgO. 
Our EIS measurement results indicate that the recombination resistance was increased 
2.5-3.2 times after Au@MgO or pure MgO modification, which led to a significantly 
decrease in current loss through recombination and increased the photocurrent and 
enhanced the FF for both device S3 and S4 as shown in Table 1. Additionally, from 
Fig. 4 (a) and Table 2, the four structured PSC devices exhibit different series 
resistance, Rs, due to contact effects. Device S4 and S2 show the first and second 
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lowest series resistance Rs, respectively, indicating that addition of Au NPs can 
increase conductivity and improve the charge transport properties. Accordingly, the 
JSC value of device S4 is higher than that of S3, and hence device S4 shows the 
highest efficiency.  
 
 
 
 
 
 
 
 
Fig. 4 (a) Nyquist plots of devices based on p-TiO2 without and with Au NP and MgO 
coating under dark condition at 0.9 V applied bias. (b) Simplified equivalent circuit to 
fit the impedance spectra. 
 
Table 2 EIS results of PSCs based on mesoporous TiO2 with and without Au NPs and 
MgO modification. 
 
Device Rs (Ω⋅cm
2
) Rrec (Ω⋅cm
2
) Crec(mF⋅cm
-2
) RHTL(Ω⋅cm
2
) 
S1 72.1 116.0 0.258 5.9 
S2 57.0 83.9 0.255 2.9 
S3 87.5 375.0 0.250 11.2 
S4 34.5 292.0 0.254 5.4 
(a) (b) 
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EQE is more pertinent than photocurrent-voltage measurement for studying 
optical and electrical responses of PSCs. EQE can be a product of light-harvesting 
efficiency, electron injection efficiency from excited perovskite CH3NH3PbI3 to TiO2 
nanoparticles, and electron collection efficiency at the cathode in a mesoscopic 
CH3NH3PbI3/TiO2 heterojunction solar cell. The corresponding EQE spectra of the 
fabricated four types of PSC devices (S1-S4) are shown in Fig.5 (a). EQE depends on 
the absorption of light, the electron injection efficiency and the collection of charges. 
In order to emphasize the positive contribution of Au NPs and MgO to the 
photocurrent, the EQE data of Au /or MgO modified PSCs were normalized by 
dividing that of the reference device, as shown in Fig. 5 (b). EQE of the PSC with 
pure MgO modification was significantly improved in the short wavelength region 
(320-600 nm) when compared with that of the pure TiO2 based device. This result is 
corresponded well with the increase of the JSC data given in Table 1. But the EQE 
enhancement of the pure MgO modified device basically decreased with the increase 
of the wavelength from 320 nm, and the EQE value at wavelength longer than about 
750 nm was even lower than that of the reference cell. For an absorber semiconductor, 
the absorption coefficient, α, is related to the extinction coefficient, k, by α = 4πk/λ, 
where λ is the wavelength. The absorption depth, l, is given by l = λ/(p4πk), where p 
is the porosity, which is ~0.5 for the mesoporous CH3NH3PbI3 layer and 1.0 for the 
perovskite capping layer. Light absorption depth of the absorber as a function of the 
light wavelength is shown in Fig. 5 (c). Photon capture is not as high in the range of 
600 nm < λ < 800 nm as it is for shorter wavelengths because the extinction 
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coefficient rapidly decays for red frequencies. The thickness of the mesoporous layer 
in our devices is about 400 nm. The incident light at the longer wavelength (> 650 nm) 
is partially absorbed in the perovskite capping layer and the generated electron-hole 
pairs have to travel the greater distance to the surface of the networked TiO2 NPs in 
the mesoporous layer, which makes it more difficult for electron injection into the 
insulator MgO coated TiO2. As a result, the EQE spectrum of the device covered by 
MgO was lower than that of the reference in the long wavelength region (>750 nm). 
In contrast, EQE of the cell using bare Au NPs was considerably decreased in the 
short wavelength region (320-600 nm), as shown in Figs. 5 (a) and (b). However, the 
PSC containing both Au NPs and MgO achieved significant EQE enhancement across 
the whole UV-Vis- near infra-red (NIR) region (320- 800 nm) than the cell based on 
pure TiO2. The EQE enhancement in the whole UV-Vis-NIR regime induced the 
prominent increase in JSC for device S4. From Figs. 5 (a) and (b), the trend in EQE 
enhancement for differently structured PSC devices is also consisted with that from 
J-V measurement and analysis shown in Figure 1 and Table 1. 
 
 
 
 
 
 
 
(a) (b) 
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Fig.5 (a) EQE spectra and (b) normalized EQE curves of devices based on p-TiO2 
without and with Au NPs and MgO coating. (c) Calculated absorption depth as a 
function of wavelength. 
 
As compared to bare Au NPs, Au NPs with insulating MgO shells have better 
structural and thermal stability, in particular retarding the corrosion of Au NPs by the 
halide, preventing charge trapping site formation or Oswald ripening
46
 and enabling 
thermal processing of high-quality perovskite absorbers during the device fabrication. 
More importantly, from the standpoint of Au NPs, the insulating MgO coating 
prevents direct contact between Au and the perovskite, or the hole conductor 
spiro-OMeTAD, inhibiting an unwanted charge recombination pathway within the 
devices, while from the point of porous TiO2, ultra-thin MgO coating on porous TiO2 
effectively blocks the charge recombination at the TiO2/CH3NH3PbI3 interface in 
perovskite solar cells, thereby extending the carrier lifetime and improving JSC and 
VOC values of the PSC device.
34, 35
 As a result, employment of both Au NPs and MgO 
in the CH3NH3PbI3 absorbers effectively and significantly enhanced JSC, VOC and 
(c) 
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EQE values of perovskite solar cells. 
   
Generally, metal nanoparticles could enhance the light energy capture in the solar 
cell by either scattering light enabling a longer optical path-length, by a dipole−dipole 
interaction and resonant energy transfer or by near-field coupling between the surface 
plasmon polariton and the absorber excited state. Two classic processes, i.e., light 
absorption increase by LSPRs
15-21, 26
 and hot-electron injection,
25,
 
47- 49
 have been 
widely reported for plasmon-enhanced solar energy harvesting. In the field of 
perovskite solar cells, Snaith and co-workers first reported plasmonic enhancement in 
perovskite solar cells in 2013.
22 
They mixed core-shell Au@SiO2 NPs into Al2O3 
paste to prepare mesoporous Al2O3 scaffold, delivering a CH3NH3PbI3-xClx device 
efficiency up to 11.4%. Compared to the control device, the photocurrent density of 
the device containing Au@SiO2 NPs was improved by 14.5%. The authors have 
systemically carried out time-resolved and steady state photoluminescence (PL) 
measurements of the peroskite absorber with and without Au@SiO2 NPs. The 
obtained enhancement in device performance was attributed to a three-fold reduction 
in exciton binding energy (EB) of the perovskite in the presence of Ag LSPR. Two 
years later, Snaith and co-workers blended core-shell Ag@TiO2 NPs into Al2O3 paste 
to prepare mesoporous Al2O3 scaffold, boosting the CH3NH3PbI3-xClx device 
efficiencies by 12.4 %.
23 
Their photon-to-current conversion efficiency (IPCE) 
measurements revealed broad-band enhancement over the entire absorption spectrum, 
rather than in the spectral region of the Ag nanoparticle LSPR. Small changes in the 
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exciton EB cannot be expected to result in significant changes of photocurrent 
generation in the solar cell. The authors developed a theoretical model, which predicts 
that the presence of highly polarizable nanoparticles enhances the radiative decay of 
excitons and increases the reabsorption of emitted radiation, presenting a novel 
photon recycling scheme for enhancing the PSC performance. In another study,
25
 Au 
nanoparticles were inserted into a compact TiOx layer, resulting in a 20 % increase in 
Spiro-OMeTAD HTM based planer heterojunction CH3NH3PbI3-xClx solar cell. 
Improvements in JSC, VOC and FF were attributed to plasmon-mediated hot carrier 
injection from Au NPs to TiOx. In a recent study,
 26
 Au decorated TiO2 nanofibers by 
an electro-spinning technique were applied to assemble mesoscopic CH3NH3PbI3 
perovskite solar cells. The PSC with pure TiO2 nanofibers shows an efficiency of 
11.16 %, while the device with Au decorated TiO2 nanofibers achieves an efficiency 
of 14.92%. This improvement was attributed to the enhancement of light absorption 
by LSPR and reduced charge recombination in Au@TiO2 nanofiber electrodes. 
Therefore, the type of metal nanostructures used (shape, size, composition, shell 
control) and their precise location with respect to the perovskite in solar cells as well 
as the kind of perovskites impact device performance enhancements. Moreover, the 
spontaneous polarization of perovskite crystals adds both complexity and potential for 
energy harvesting. Deeper understanding of the fundamental interactions between 
plasmonic nanostructures and perovskites is required for future optimization of both 
the light harvesting abilities and charge transport mechanisms in PSCs. 
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 In our work, no significantly distinct difference was observed in absorption 
pattern of the fabricated four types of PSC devices, as shown in Fig. 2 (a), 
nevertheless, the EQE enhancement was achieved over the whole range, including the 
UV-Vis (320 nm to 500 nm) and NIR wavelength range (500 to 800 nm) for the 
device doped with Au and MgO, rather than following in the spectral region of the Au 
nanoparticle localized surface plasmon resonances shown in Fig. 1 (d). Therefore, the 
EQE and PV performance enhancements for Au@MgO devices could not directly be 
associated with the optical spectrum of the Au@MgO nanoparticles. To investigate 
the roles of Au NPs and MgO shell in the observed EQE and photocurrent, 
photovoltage and PCE improvements in the plasmonic PSC cells, finite-difference 
time-domain (FDTD) numerical simulations were performed for the geometry shown 
in Fig. 6 (a). The PSC is with a structure of glass (50)/FTO(100)/c-TiO2(40)/p-TiO2 + 
Au spheres + MgO + MAPbI3 (300)/ spiro-MeOTAD(100)/Ag(30). The numbers in 
parentheses indicate the layer thicknesses in nanometers. The thickness of MgO is 2 
nm. The size of TiO2 spheres (yellow color) in the p-TiO2 is 10 nm in diameter, the 
spacing between TiO2@MgO spheres is 1 nm, and the gaps are filled by MAPbI3. In 
order to see the TiO2 spheres, the colors of both MAPbI3 (light blue color) and MgO 
shell (light green color) is half transparent. There is a single Au@MgO sphere 
positioned at the top of p-TiO2 @MgO and embedded in MAPbI3 capping layer. The 
diameter of the Au sphere (red color) is 40 nm. The optical properties (refractive 
index, n and extinction coefficient, k) of materials are from the data in previous 
publications.
50,51
 A commercial FIT software package (CST Microwave Studio 2006) 
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was used with Cartesian grids system (FDTD module).
21, 52, 53
 
 
The boundary conditions along x and y axis is set to be ‘periodic’. Upon choosing 
periodic boundary setting and a suitably refined computational grid (the maximum 
grid length was chosen as wavelength / 300 in the paper) in the simulation software, 
the corresponding numerical solution gives an accurate representation of the dynamics 
of the electromagnetic field. The Au sphere@MgO is placed along the z coordinate as 
shown in Fig. 6 (a). The origin of the coordinates is taken at the center of the Au 
sphere. The xy plane is set parallel to the surface of the glass substrate. Let the 
plane-wave electromagnetic field of wave vector k be incident from the bottom 
surface of the glass substrate. The wave propagates along the z coordinate, the electric 
vector is along the x coordinate, and the magnetic vector along the y coordinate.   
 
Figs. 6 (b) and (c) show the calculated local amplitude enhancement distribution 
of the electric field || in the xz plane at y=0 for an incident wave with a wavelength 
of 560 nm or 730 nm, respectively. The maximal EQE value was obtained at 560 nm, 
and the maximal EQE enhancement was achieved at 730 nm as shown in Figs. 5 (a) 
and (b). The circumferences of the Au@MgO and p-TiO2@MgO spheres can be seen 
clearly from the calculated figures. The electric field is only slightly enhanced and 
localized around the Au sphere, and the maximum |E| enhancement factor is only 
about 1.5 at 560 nm. Differently, the electric field is significantly enhanced and 
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localized around the Au sphere, and the maximum |E| enhancement factor is up to 
22.8 at 730 nm.  
 
Figs. 6 (d)-(g) show the simulated power flow within the xz planes at y = 0, 10 
nm for wavelengths of 560 nm and 730 nm, respectively. The positions of the 
Au@MgO and p-TiO2@MgO spheres can be observed clearly from the figures. For 
the incident visible light with a wavelength of 560 nm, the power flow successively 
passes through TiO2@MgO NPs, the filled perovskite semiconductor, Au@MgO and 
perovskite capping layer with some deflections from the z coordinate around the 
surface of the Au sphere as shown in Figs. 6 (d) and (e). When the light with a 
wavelength of 730 nm is normally incident on the PSC device, the wave almost 
straight passes through TiO2@MgO NPs and the filled perovskite semiconductor 
along the z coordinate. But, after the porous layer, the straight propagation of light 
power flow is replaced by complex whirls and circulates round the Au spheres and the 
perovskite in the capping layer as shown in Figs. 6 (f) and (g). The simulated power 
flow within the xy planes at z = 0, 18 nm is shown in Figs. 6 (h) and (k) for the 
wavelength of 730 nm. The relative positions of the p-TiO2@MgO spheres can be 
seen in the background. The red circle indicates the position of the Au@MgO sphere. 
For the incident red light along the positive z coordinate, the Au@MgO sphere array 
manipulates the flow of the red energy and partially guides the red light into the xy 
plane of the absorber film in nanoscale and near-field regions，and as a result, some 
red energy flows parallel to the xy plane, more clearly shown in Fig. 6 (k). The light 
Page 27 of 43 Nanoscale
N
an
os
ca
le
A
cc
ep
te
d
M
an
us
cr
ip
t
Pu
bl
ish
ed
 o
n 
27
 Ja
nu
ar
y 
20
17
. D
ow
nl
oa
de
d 
by
 U
ni
ve
rs
ity
 o
f N
ew
ca
stl
e 
on
 2
7/
01
/2
01
7 
16
:3
1:
03
. 
View Article Online
DOI: 10.1039/C6NR09972F
28 
 
energy passing through the absorber perovskite surrounding the Au sphere will be 
redirected toward the Au sphere, absorbed by the Au, and then, the light energy is 
transferred back to the perovskite material, as clearly shown in Figs. 6 (f) and (g). The 
Au NP absorbs lights via some portion of its surfaces, and then re-radiates energy into 
the absorber via other parts of the surfaces. Light power flows could circulate the 
near-field areas for multiple rounds due to interference of scattered and incident 
lights.
54
  
 
The above calculation results indicate that the Au@MgO sphere array in the PSC 
device can modulate and deflect the energy flow direction in dipole–dipole coupling. 
This energy flow regulation can open a process which is different from the widely 
reported light absorption enhancement by LSPRs
15-21, 26
 or hot-electron injection
25,
 
47- 
49
 for plasmon-enhanced solar energy harvesting. In the this case, the plasmonic metal 
absorbs sunlight, converts the absorbed energy into localized surface plasmon 
resonance oscillations and transfers the plasmonic energy to the perovskite 
semiconductor via resonant energy transfer, which generates electron–hole pairs 
below and near the perovskite band edge
55, 56
 and enhances the efficiency of the 
incident photon-to-electron conversion process for red frequencies in perovskite solar 
cells shown in Table 1 and Figs. 5 (a) and (b). Furthermore, we think that the photon 
management by use of Au NPs and MgO shell to minimize photonic and energy 
losses in the PSC device also offers promising scenarios for employing photon 
recycling to improve photoconversion efficiencies of perovskite solar cells.
23, 57-59
 In 
Page 28 of 43Nanoscale
N
an
os
ca
le
A
cc
ep
te
d
M
an
us
cr
ip
t
Pu
bl
ish
ed
 o
n 
27
 Ja
nu
ar
y 
20
17
. D
ow
nl
oa
de
d 
by
 U
ni
ve
rs
ity
 o
f N
ew
ca
stl
e 
on
 2
7/
01
/2
01
7 
16
:3
1:
03
. 
View Article Online
DOI: 10.1039/C6NR09972F
29 
 
our plamonic PSC device, energy transport is not limited by diffusive carrier transport 
but can occur over long distances through multiple absorption-emission events. 
Photons are reabsorbed and re-emitted many times before an electron-hole pair is 
collected or a luminescent red photon escapes. Pazos-Outón et al. show that lead 
halide materials have luminescence properties similar to those of GaAs
57
 and may, 
thus, also reach super high conversion efficiencies as GaAs semiconductor materials. 
The presence of Au NPs enhances the radiative decay of excitons in the perovskite 
absorber
23
. The Au@MgO nanoparticles could work as antennas for the excitonic 
dipoles. The radiated photons from exciton decay would then have a dramatically 
prolonged optical path length due to the energy flow regulatory benefit of the Au 
nanospheres shown in Figs. 6 (f)-(k). By this means the reabsorption from reemitted 
light is enhanced, in essence enabling photon recycling with a much greater efficiency 
and driving the enhanced EQE and photocurrent in perovskite solar cells with the 
addition of Au nanoparticles and MgO compared to the case modified only with pure 
MgO.
23, 57-59
 Higher photon densities also lead to higher internal luminescence and a 
buildup of excited charges, which increase the split of quasi-Fermi levels and enhance 
the achievable open-circuit voltage in a solar cell.
57, 60
 Finally, introducing Au NPs in 
TiO2 photoanodes of PSCs can increase the charge transport capability as 
demonstrated in Fig. 4 (a) and Table 2. As a result, employment of both Au NPs and 
MgO in the CH3NH3PbI3 absorbers effectively and significantly enhanced EQE, JSC 
and hence PCE values of perovskite solar cells compared to the case modified only 
with pure MgO shown in Table 1.    
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Fig.6 (a) Model of device modified with both Au NPs and MgO. 2D field 
||	enhancement distribution image in the xz planes at (b) y = 0 nm, λ=560 nm, (c) y= 
0 nm, λ=730 nm. Power flow diagrams within the xz planes at (d) y = 0 nm, λ=560 
nm, (e) y = 10 nm, λ=560 nm, (f) y= 0 nm, λ=730 nm, (g) y=10 nm, λ=730 nm. 
Power flow diagrams within the xy planes at (h) z= 0 nm, λ=730 nm, (g) z=18 nm, 
λ=730 nm. 
 
The stability of perovskite solar cells is a major issue restricting the terrestrial 
applications. We investigated the stability of unsealed PSCs based on mesoporous 
TiO2 with and without Au NPs and MgO modification under UV irradiation. The 
PSCs were exposed to 365 nm UV illumination with an intensity of 90 mWcm
-2
, and 
removed at certain time intervals to measure the J-V curves under simulated AM1.5 
100 mWcm
-2
 irradiance. In Fig. 7 we observe that device S3 and S4 exhibit 
significantly improved stability. Their PCE remains more than 85%-90% of its initial 
value even after 15 min UV irradiation in air. By contrast, device S2 with bare Au 
NPs cannot endure the UV irradiation test and shows nearly zero PCE just after 1 min 
(h) (k) 
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UV irradiation, and the control device (S1) exhibits only 35% of its initial value after 
9 min UV illumination under the same UV testing conditions. When TiO2 based PSCs 
are exposed to UV light exposure, photo generated holes in the mesoporous TiO2 
react with oxygen absorbed at surface oxygen vacancies, which then become deep 
traps leading to charge recombination, resulting in a drop off in PV performance of 
the device.
61 
Additionally, the UV light absorbed by TiO2 would catalyze the 
decomposition of CH3NH3PbI3 to PbI2, forming non-radiative defect sites within the 
perovskite and especially at the TiO2/perovskite interface and degrading the PV 
performance of the device.
62, 63
 The presence of bare Au NPs in the PSC device 
dramatically accelerated the UV degradation, and the device with bare Au NPs 
deteriorated to zero efficiency in 2 min. These UV light effects can be avoided by 
depositing nanometer thick passivation layer onto the TiO2 to prevent contact between 
TiO2 and CH3NH3PbI3, decrease the photocatalytic properties of the TiO2 and reduce 
electronic defect density at the TiO2/perovskite interface. It was reported that light 
stability of PSC devices was obviously improved by using CsBr as an interface 
modifier for the c-TiO2
62
 or employing Sb2S3 as the insulating layer between 
mesoporous TiO2 and perovskite layers.
63
 In our work, we have demonstrated that by 
incorporating both Au NPs and insulating MgO onto mesoporous TiO2 a significant 
improvement of the UV stability in the perovsikite solar cell is achieved. 
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Fig. 7 Power conversion efficiency variation of unsealed PSCs based on mesoporous 
TiO2 with and without Au NPs and MgO modification at ∼55% humidity after various 
UV exposure durations (90 mWcm
-2
 at 365 nm) durations. 
 
4. CONCLUSIONS 
A facile and effective method has been investigated to achieve efficient 
performance perovskite devices with simultaneously high open circuit voltage and 
high short circuit current density by combinational use of Au NPs and insulating MgO. 
Purely incorporating Au NPs between mesoporous TiO2 and perovskite capping layer 
greatly degraded the PV performance of the PSC device from 12.0 % to 10.7 %. By 
employing a pure MgO nanolayer, the power conversion efficiency was increased 
from 12.0% to 15.1 %. By combinational use of Au NPs and MgO passivation layer,   
a high power conversion efficiency of 16.1 % with both high open circuit voltage of 
1.09 V and high short-circuit current density of 21.76 mA cm
-2
 was obtained. The 
photovoltage, photocurrent and efficiency values were 16.0 %, 11.6 % and 34.2% 
higher than the pure TiO2 based perovskite solar cells. The enhancement could be 
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associated with the effective photon management by use of Au NPs and MgO shell to 
minimize photonic and energy losses for the generation of carriers, the high charge 
transport capability and the low charge recombination losses in perovskite solar cells. 
Moreover, combinational use of Au NPs and MgO passivation layer effectively 
enhanced the stability of PSC devices under UV light soaking. The fundamental 
optics and physics behind regulation of energy flow in perovskite solar cell and 
concept of using Au nanoparticles and MgO to improve the device performance has 
been explored. Theoretical electromagnetic calculations supported the experimental 
plasmon-enhanced energy conversion efficiency results of perovskite solar cells in 
combination with Au NPs and MgO coating. 
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Figure captions 
Fig. 1 (a) J-V curves of devices based on p-TiO2 without and with Au NP and MgO 
coating. (b) FESEM image of the top surface morphology and (c) cross-sectional 
FESEM picture of the p-TiO2 containing Au NPs. (d) Absorbance spectrum of Au 
suspension. (e) Energy diagram of materials for PSC devices with Au NP and MgO 
modification. 
 
Fig. 2 (a) UV/Vis absorption and (b) PL spectra of perovskite absorbers based on 
p-TiO2 without and with Au NP and MgO coating.  
 
Fig. 3 Dark J-V curves of devices based on p-TiO2 without and with Au NP and MgO 
coating. 
 
Fig. 4 (a) Nyquist plots of devices based on p-TiO2 without and with Au NP and MgO 
coating under dark condition at 0.9 V applied bias. (b) Simplified equivalent circuit to 
fit the impedance spectra. 
 
  
Fig.5 (a) EQE spectra and (b) normalized EQE curves of devices based on p-TiO2 
without and with Au NP and MgO coating. (c) Calculated absorption depth of the 
absorber as a function of wavelength. 
 
Fig.6 (a) Model of PSC device modified with both Au NPs and MgO. 2D field |E| 
enhancement distribution image in the xz planes at (b) y = 0 nm, λ=560 nm, (c) y= 0 
nm, λ=730 nm. Power flow diagrams within the xz planes at (d) y = 0 nm, λ=560 nm, 
(e) y = 10 nm,λ=560 nm, (f) y= 0 nm, λ=730 nm, (g) y=10 nm, λ=730 nm. Power 
flow diagrams within the xy planes at (h) z= 0 nm, λ=730 nm, (g) z=18 nm, λ=730 
nm. 
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Fig. 7 Power conversion efficiency variation of unsealed PSCs based on mesoporous 
TiO2 with and without Au NPs and MgO modification at ∼55% humidity after various 
UV exposure durations (90 mWcm
-2
 at 365 nm) durations. 
 
Table 1 Parameters of PSCs based on mesoporous TiO2 with and without Au NP and 
MgO modification. 
 
Table 2 EIS results of PSCs based on mesoporous TiO2 with and without Au NPs and 
MgO modification. 
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